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To all mothers in the world for their endless patience
“Everything is possible until proven impossible, and then you just need to become
more creative.”
Scott Parazynski, The Sky Below

Abstract
Phantomsmimicking the speciﬁcmechanical and acoustic properties of human tissues
are essential in the development and evaluation of novel ultrasound methods. In this
work, various ultrasound phantoms are proposed to be used in the development of
ultrasoundmethods to investigate the arterial walls longitudinal movements inﬂuence
on the vasa vasorum circulation.
The longitudinal movement of arteries has been shown in vivio. It has been mea-
sured to be of the same magnitude as the diameter change of the arteries. Ultrasound
phantoms simulating the arterial longitudinal movement has recently been made us-
ing Polyvinyl alcohol (PVA). However, these phantoms suﬀered from having low tem-
poral stability and easy degradation.
This master’s thesis investigates several tissues mimicking materials and describes
the design and fabrication of ultrasound phantom models that simulate the vasa vaso-
rum (the vessels of the vessel) and the longitudinal movement of the arterial wall. The
mechanical properties of phantom materials were evaluated with a mechanical test
instrument and the speed of sound was measured using a method based on the time
of ﬂight, and the attenuation was also measured. We showed that copolymer-in-oil,
as well as ballistic gel, are excellent alternatives for vessel phantom fabrication. The
Young’s modulus for copolymer in oil and ballistic gel was measured to be 37 and
82 kPa, respectively. The attenuation coeﬃcients were 0.83 and 0.40 dB/MHz/cm,
respectively. The ultrasound speed ranged from 1433–1458 m/s.
The results suggest that the best alternative is to use the commercially available
styrene-ethylene/butylene-styrene (SEBS) block copolymer in mineral oil, and the
clear synthetic ballistics gelatin of 10%. A walled and multi-layered vessel phantom
in a cylindrical geometry and with decreasing diameter was designed and fabricated.
The longitudinal and radial movements were generated by the use of pulsatile ﬂow
produced from a gear pump. The longitudinal movement was measured to 0.2 mm
and the radial movement to 0.8 mm.
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Sammanfattning
Fantomer är viktiga för att utveckla och utvärderar nya ultraljudsmetoder. Fantomer
kan även användas för att öka förståelsen för hur människokroppen fungerar. Det
är nödvändigt att skapa fantomer med speciﬁka mekaniska och akustiska egenskaper
så att de kan simulera mänsklig vävnad. Ett exampel på fenomen som man vill veta
mer om är den longitudinella rörelsen hos artärer. I det här projektet föreslås olika ul-
traljudfantomer som kan användas i utvecklingen av ultraljudsmetoder för att studera
påverkan av artärväggens longitudinella rörelse på vasa-vasorumcirkulationen.
Den longitudinella rörelsen av artärer har visats in vivo. Den rörelsen har visat sig
att vara i samma storleksordning som artärernas radiella rörelse. Ultraljudfantomer
som simulerar den arteriella longitudinella rörelsen har tillverkats av polyvinylalkohol
(PVA), men, dessa fantomer har låg temporal stabilitet.
I detta arbete har ﬂera vävnadsliknande material undersökes. Dessa material har
använts för att tillverka fantomer som efterlikanar artärer med vasa vasorum som
kan uppvisa den longitudinella rörelse. Såväl utformning som tillverkning och test-
ning beskrivs. De mekaniska egenskaperna hos fantommaterial utvärderades med ett
mekaniskt testinstrument och ljudhastighet uppmättes med en metod baserad på time
of ﬂight och även dämpningen uppmättes. Vi visade att sampolymer i olja såväl som
ballistisk gel är utmärkta alternativ för tillverkningen av kärlliknande fantom . Youngs
modul för sampolymer-i-olja och ballistisk gel mättes till 37 respektive 82 kPa, dämp-
ningskoeﬃcienten var 0,83 respektive 0,40 dB/MHz/cm och ultraljudshastigheten
varierade från 1433-1458 m/s.
Resultaten tyder på att fantomerna kan tillverkas av den kommersiellt tillgängliga
styren-eten/styren (SEBS) segmentsampolymeren i mineralolja, och den klara syn-
tetisk ballistikgelatin av 10%. En ﬂerskiktsfantom i en cylindrisk geometri och med
minskande diameter konstruerades och tillverkades, och des radiella och dess radiella
och längsgående röresle till följd av ett pulserande tryck och ﬂöde alstrat av en väx-
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elpump undersöktes. Den longitudinella rörelsen mättes till 0.2 mm och den radiella
rörelsen till 0.8 mm.
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Chapter 1
Introduction
1.1 Background
Cardiovascular diseases (CVDs) killed 17.7 million people in 2015 and the World
Health Organization estimates 23.3 million people will die from CVD in 2030 [1].
Furthermore, circulatory dysfunction represents the leading cause of the intensive
care unit cost, admission and mortality. There has been great progress in treatment
methods of CVD within interventional cardiology, and modiﬁcation of frequently
common risk factors such as hypertension, diabetes, dyslipidemia and atherosclerosis.
However, CVD still remains the leading cause of death in the western world [2, 3, 4,
5, 6]. In Sweden, CVD is coupled with almost 28 000 heart attacks every year; in
fact, it is the most common cause of death [7]. Given these points, the challenge is to
develop methods for early detection of CVD, which can further improve the outcome
of clinical treatments [8].
Understanding the hemodynamics of the blood vessels requires better knowledge
of the complex cardiovascular system as well as the properties of the blood vessels [9].
During the cardiac cycle, the common carotid artery experiences a radial movement
as well as a longitudinal movement [10]. The longitudinal and the radial wall move-
ments of arteries have been shown in vivo [11]. The longitudinal movement has been
measured to be in the same magnitude as the radial movement of the arteries [12].
The underlying mechanism of this movement and its function are yet not fully under-
stood [13]. One function of this movement could be related to blood circulation in
vasa vasorum. The vasa vasorum is a network of small blood vessels that play a nutritive
role in the walls of large arteries [14, 15].
Recent studies have found a potential connection between the reduction in the
longitudinal movement of the common carotid artery, in which vasa vasorum is found,
and risk factors for CVD [16, 17]. Furthermore, there are evidences suggesting con-
nections between some speciﬁc cardiovascular diseases and changes in vasa vasorum
1
2 Introduction
morphology and hemodynamics [18, 14]. In particular, it seems that the vasa va-
sorum has a central role in the physiopathology of the aortic dissection, intramural
hematoma and penetrating ulcer, which are three critical aortic syndrome entities
[19].
Despite the attention that the vasa vasorum has been given and the potential
pathophysiological signiﬁcance of altered blood ﬂow through vasa vasorum relatively
little is known about its hemodynamics [15].
To obtain a better understanding of the possible eﬀect of the longitudinal move-
ment of the common carotid artery and the vasa vasorum, we need to develop a su-
per resolution ultrasound method that can study the longitudinal movement of the
arterial wall and the blood circulation in the vasa vasorum network simultaneously.
Ultrasound phantoms are made of tissue mimicking materials which emulate impor-
tant properties of human tissues. In addition, ultrasound phantoms are essential tools
used in the development and characterization of imaging algorithms and techniques
[20].
To be able to develop such a method, an ultrasound phantom with known geom-
etry and composition is needed. The obtained knowledge can provide information
that might be used for early detection of CVD [20].
1.2 The aim
The aim of this project was to design and fabricate a suitable phantom model of an
artery and the vasa vasorum to be used to develop ultrasound methods for studying
the possible eﬀect of arterial longitudinal movement on blood regulation within the
vasa vasorum. To do this, diﬀerent phantoms were developed with various complexity
levels, where an artery and its vasa vasorumwas designed and fabricated using diﬀerent
tissue mimicking substitutes. The ideal phantom should act in the same manner as
the human artery and its vasa vasorum. Furthermore, the mechanical and acoustical
properties should be similar to that for human vessels and surrounding tissues.
1.3 Objective
1. Test diﬀerent tissue substitutes for ultrasound imaging and suggest a suitable
material.
2. Design and fabricate a phantom consisting of a model of arteries and vasa va-
sorum.
3. Suggest future work and application.
31.4 Approach and methodology
1. Conduct a literature study of the anatomy of the artery and vasa vasorum, the
longitudinal movement of arteries and tissue substitutes for ultrasound imag-
ing.
2. Design and fabricate molds using various techniques.
3. Create phantom prototypes.
4. Evaluate the properties and functionality of the phantoms.
4 Introduction
Chapter 2
Theory
2.1 Anatomy and functionality of the arteries
Arteries are blood vessels responsible of carrying oxygenated blood from the left ven-
tricle of the heart out to the body [21]. Three cell types play an important role in the
biomechanics of the normal arterial wall: ﬁbroblasts, smooth muscle and endothelial
cells. Each of these cell types is quick to respond to any variations in their mechanical
environment. Furthermore, it is well known that the arteries creep and stress relax,
and also show hysteresis upon cyclic loading [22].
The arterial walls consist of three primary layers, in which vasa vasorum is found
(Figure 2.1).
Tunica Adventitia : Consists of connective tissue, axially oriented collagen and elas-
tic ﬁbers. Adventitia is the “strong” cover layer of arteries, thereby plays an
important role as a structural support for some vessels.
Tunica Media : The middle and thickest layer, consists of smooth muscle cells em-
bedded in a plexus of elastin.
Tunica Intima : The inner layer consists of a monolayer of endothelial cells and an
elastic membrane. The inner layer of the arteries and veins is referred as en-
dothelium and is very active biologically.
vasa vasorum: Have few layers of smooth muscles, innervated by sympathetic ﬁbres
and is the vasculature [24] .
The diameter of the aorta is 10 − 20 mm and it gets more narrow distally. The
thickness of the tunica intima and tunica media combined is approximately 0.5 mm
for a healthy 20 years old human. This thickness is not constant throughout the
5
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Figure 2.1: Terminology used to describe anatomy. The arterial walls layers: Tu-
nica intima,Tunica media and Tunica adventitia. Used with permission fromClin-
ical Anatomy Associates, Inc [23].
human live; it changes and becomes thicker. At 70 years old the thickness is almost
0.9 mm [25] .
2.2 Longitudinal movement
During the cardiac cycle, the arterial wall experiences a radial movement as well as a
longitudinal movement. Figure 2.2 illustrates the radial and longitudinal movements
of the arteries. The radial movement of the common carotid artery has been exten-
sively investigated during the last 30 years compared to the longitudinal movement
[10]. This is probably due to the diﬃculty in implementing measurements of the
longitudinal movement and the lack of an adequate measuring technique [26]. How-
ever, recently, by using modern ultrasound technique it has been possible to measure
and describe the longitudinal movement and the intramural shearing of the arterial
7Figure 2.2: Illustration of the radial and longitudinal movements.
wall [10].
Studies found that the intima-media layer of the arterial wall shows the largest
longitudinal movement. This movement was measured to be around 0.1− 1 mm in
the common carotid artery, which is of the same magnitude as the radial movement.
Additionally, a smaller magnitude of the movement with the same basic pattern has
been found in the adventitial layer of the arterial wall. Moreover, diﬀerent people
show a diﬀerent pattern of the longitudinal movement [27]. In general, the proximal
and more elastic arteries show larger longitudinal movement than distal arteries [10].
The longitudinal movement of the common carotid artery of a healthy human
is shown to be distinctly multiphasic and bidirectional, with a distinct ante-grade
movement in early systole and a retrograde movement later in systole. In diastole and
before the wall gradually returns to its original position a second ante-grade longitu-
dinal movement is taking place [10].
Recently, an ultrasound phantom exhibiting the longitudinal movement of the
common carotid artery was designed and fabricated from polyvinyl alcohol. When
subjecting the phantom to a pulsatile pressure, a 220 µm displacement in the longi-
tudinal direction was demonstrated [28].
2.3 Vasa vasorum: Anatomy and functionality
The term vasa vasorum comes from Latin and means “the vessel of the vessels”. The
function of the vasa vasorum is to provide an important blood supply and nourishment
to arteries and veins [17].
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Figure 2.3: Two types of vasa vasorum, vasa vasorum externa and vasa vasorum
interna [29].
Vasa vasorum consists of small blood vessels that penetrate the arterial wall and
can be categorized depending on the location it penetrates the vascular wall. There
are two types of vasa vasorum (Figure 2.3) [21].
• vasa vasorum externa penetrates the vascular wall from the abluminal surface
which is the surface away from the lumen
• vasa vasorum interna that enters the vascular wall from the luminal surfaces
which is the surface adjacent to the lumen
The structure of vasa vasorum varies with the function, location and size of the
vessel. In normal arteries, vasa vasorum branches from the adventitial layer of large
arteries into the media to actively regulate blood ﬂow to the arterial wall. In addition,
not all vessels have vasa vasorum, smaller vessels, with a wall thickness less than 25 cell
layers and vessels less than 0.5 mm lumen diameter [21] lack vasa vasorum. Further-
more, the arterial vasa have a straighter course and less numerous, branches and have
a smaller lumen than the veins [30].
92.4 The dynamics of vasa vasorum
The intramural pressure gradient within the arterial wall is in agreement with Lame’s
law 2.1 and can result in compression of the vasa vasorum. Moreover, the anatomic
location and the branching shape of the vasa vasorum externa has an important con-
sequence, and that is that the blood ﬂow through the vasa vasorum cannot go on far
into the media as a consequence of the compressive force (Pw) within the arterial wall,
at location R. This is mathematically described by Lamé’s Law 2.1.
Lam’sLaw :
Pw (R)
Pℓ
= a2[
1− (b/R)2
b2 − a2 ] (2.1)
Where Pℓ is the pressure in arterial lumen, a is the radius of the arterial lumen,
b is the radius of the outer adventitia, and R is the radial distance within the arterial
wall.
Diﬀusion of blood solutes must be from the lumen towards the adventitia, which
can be explained by the pressure diﬀerence between the arterial lumen and the ex-
travascular tissue. This can be described by Darcy’s Law 2.2. Thus only via vasa
vasorum or any lymphatics in the wall can solute leave the vessels wall.
Darcy’sLaw :
fℓ
fvv
∝ ( Areaℓ
Areavv
) (
R+ T
R
)3 (2.2)
Where f and fvv are the ﬂuxes of blood from the arterial lumen and into the
venous vasa vasorum respectively. Area is the coronary arterial endothelial surface
area across which solute ﬂux occurs andAreavv being the area of the vasa endothelial
surface within the wall at distance R within the wall. T is the distance from the
endothelium towards the outer surface of the adventitia (i.e., R − a). The resistance
of the vasa vasorum is high due to its considerably small radius relative the vessel
lumen, in particular in larger arteries as the aorta. The pressure drop (Pi) along the
vasa vasorum is described by Poiseuille’s Law 2.3.
Poiseuille’sLaw : ∆pi ∝ Li
r4i
(2.3)
Where: pi is pressure in lumen of vasa vasorum at distance L from the origin of the
vasa vasorum. ri is the radius of the ‘proximal’ vasa vasorum lumen and Li is the
distance along the vasa vasorum to the point-of-interest within the wall. The velocity
of blood ﬂow is inversely proportional to the total cross sectional-area of the blood
vessels. As described in equation 2.4.
V =
Q
A
(2.4)
10 Theory
where V is the velocity (cm/s), Q is blood ﬂow (ml/s) and A is cross sectional
area (cm2). Additionally, the blood ﬂow velocity in the middle of the vessels is faster
than that at the vessel wall, under the laminar characteristics of the blood ﬂow. Blood
velocity for two types of blood vessels and how it is related to the cross-sectional area
in the body is shown in table 2.1.
Type of blood vessels Total cross-section area (cm2) Blood velocity in (cm/s)
Aorta 3–5 40
Capillaries 4500–6000 0.03
Table 2.1: relationship between blood velocity and the total cross-sectional area
[31].
Figure 2.4: Relationships among Vessels. Various relationships among blood ves-
sels (a) vessel diameter, (b) total cross-sectional area, (c) average blood pressure and
(d) velocity of blood ﬂow [31].
2.5 Ultrasound theory
Ultrasound is a sound wave of a frequency higher than 20 kHz. For medical imag-
ing applications, frequencies of 2 to 15 MHz are used. Ultrasound propagates as a
11
Figure 2.5: An ultrasound wave is sent by the transducer, some of the waves is
reﬂected by a boundary between two medium with diﬀerent acoustic impedance
and the rest is transmitted, the reﬂected wave which is also called echo returns to
the transducer.
longitudinal wave, meaning that the tissue molecules are moving forward and back-
ward in the same direction as the wave propagation. Ultrasound may oscillate the
medium transversely as well; such a wave is called a transverse or shear wave. Lon-
gitudinal waves are of higher relevance in soft tissue, while shear waves propagate in
hard tissues such as bone and tooth.
In medical applications, ultrasound is produced by using piezoelectric crystals
that vibrate at extremely high frequencies, when an electrical voltage is applied, an
eﬀect called piezoelectric eﬀect is produced.
The speed of sound, c, of a longitudinal wave is related to the wavelength, λ, and
the frequency, f, by equation 2.5
c = λ× f (2.5)
Ultrasound interactions are determined by the acoustic properties of tissue. As an
ultrasound wave propagates through the body tissue, several interactions occur, such
as reﬂection, refraction, scattering and absorption. At each tissue interface, the wave
will be reﬂected. If the incident beam is perpendicular to the boundary, a part of the
energy will be reﬂected back to the transducer, whereas the rest, will continue in the
initial direction (Figure 2.5).
Reflection provides the basis for ultrasound imaging techniques, when an ultrasound
wave strikes a boundary between two media of diﬀerent acoustic impedance,
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some of the waves energy continue into the second medium, and some is re-
ﬂected back as an echo. The amount of the transmitted and thereby the re-
ﬂected energy primarily depends on the acoustic impedance, Z. However,
factors such as the angle of incidence, the width of the tissue structure and the
angle of the tissue boundary are important. The acoustic impedance Z can
be calculated as in equation 2.6, where ρ is the material density in which the
sound wave is propagating.
Z = ρ× c (2.6)
Scattering is a reﬂection from small or rough targets. When ultrasound interacts
with a small object or rough surfaces, the reﬂected waves are redirected in several
directions. The size of the target aﬀects the uniformity of the scattering and
also determines the directions of the scattering. A target of a size smaller than
a wavelength will reﬂect the incident wave uniformly and in all directions.
Absorption is the conversion of kinetic energy to heat from the propagating ultra-
sound wave. This continuous process results in a reduction in echo amplitude
with depth. Furthermore, absorption is important for two main reasons, one is
that heating can aﬀect tissues, thus, it is a safety limitation, the second reason is
the attenuation which is mainly due to absorption and is the limiting factor for
how far in the tissue the ultrasound wave can propagate, i.e. the penetration
depth of the beam.
The depth needed to reach human anatomy determine the ultrasound frequencies
used for medical imaging techniques, which range, as stated before, from 2 to 15MHz
for most applications. Within this range the lower frequencies are used to look at
deeper body structure and the higher frequencies for superﬁcial structures. The reason
behind this is that the high-frequency ultrasound waves are more attenuated than
lower frequency waves for a given distance, as described in equation 2.10, [32, 33]
2.6 Speed of sound
The speed at which an ultrasound wave propagates is determined by the mechanical
properties of the medium. For soft tissues and liquids, the speed of sound, c, is con-
trolled by the compressibility, K, and the density, ρ. Mathematically this is expressed
in the equation 2.6.
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c = √( K/ρ)(2.7)
The sound velocities through diﬀerent tissues are shown in table 2.2. Notice that
the sound velocity is highest through bone which is the tissue with the highest density
[32, 33].
Medium Velocity (m/s)
Water 1480
Soft tissue 1540
Kidney 1560
Blood 1570
Muscle 1580
Bone 4080
Table 2.2: Sound velocities through diﬀerent tissues [32, 33].
2.7 Attenuation
Attenuation of ultrasound occurs when it is propagating through a medium. The
reason behind this phenomenon is that the energy is absorbed by the tissue in form
of heat and scattering. Attenuation of ultrasound in human tissue is approximately
1dB/cm/MHz, see table 2.3 for the attenuation coeﬃcient of diﬀerent types of human
tissues.
Medium Attenuation Coeﬃcient (dB/cm at 1MHz)
Water 0.002
Blood 0.18
Fat 0.63
Liver 0.5-0.94
Muscle 1.3-3.3
Bone 5
Table 2.3: : Attenuation coeﬃcient for diﬀerent human tissues[32, 33].
The reduction in acoustic pressure amplitude of the incident wave in a tissue is
characterized by its attenuation coeﬃcient. The acoustic attenuation coeﬃcient, α
(dB/cm at 1MHz), can be deﬁned as the sum of the attenuation due to absorption,
αa, and the attenuation due to scattering, αs
α = αa + αs (2.8)
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The overall ultrasound attenuation is characterized by the exponential decrease of the
intensity amplitude, I, during propagation through tissue, equation 2.9,
I = I0 × e−αx (2.9)
where: I0 is the initial intensity, x is the ultrasound propagation distance and α
is the attenuation coeﬃcient.
The attenuation coeﬃcient is aﬀected by the frequency of the ultrasound wave.
The higher the frequency, f , the larger is the amount of attenuated energy by the
medium. The attenuation coeﬃcient can be described via a power law:
α(f) = α× fn (2.10)
where: α is the attenuation coeﬃcient (nepers/cm/MHz), f is the frequency (in
MHz) and n is a material-dependent parameter. [32, 33].
2.8 Basic viscoelasticity
A material can respond to physical stress in three ways. It can apply the stress it senses
directly onto the forces that hold the atoms or the molecules in place, as is the case in
ceramic materials and simple crystalline including polymeric crystalline. This type of
material response can be exempliﬁed among biological activity as in when a muscle
pulls on a bone. The material can also feed the energy into large semi-permanently (as
viscoelastic materials) or irreversible (as plastic materials) shape deformation [34, 35].
The behavior of the material response to the stress is the summed responses of each
bond within it, therefore, the more force applied on a piece of material the stronger
the response. Hook described this phenomenon as ut tensio, sic vis, which means
“as the extension, so the force” [36]. In other words, strain and stress are directly
proportional to each other as described in equation 2.11.
Stress/strain = constant (2.11)
In order to estimate the strain, measurements are performed on a piece of material
and the change in the length of the sample is obtained. The increase in the length
can then be described as Cauchy strain, which is the increase in the sample length per
unit starting length [33]. The Cauchy strain has no units, and can mathematically be
written as in equation 2.12.
Strain =
(length(after)− length(before))
(length(before))
(2.12)
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The force acting on each individual bond depends on the number of bonds that
share the load, thus the stress expressed as force F divided by the cross-sectional area
A of the sample on which the force is acting.
Stress =
F
A
(2.13)
The constant in equation 2.11 is known as Young’s modulus, E . Equation 2.11
then becomes
Stress/strain = E (2.14)
Typical values of Young’s Young’s modulus of human tissues and tissue mimicking
materials are given in tables 2.4, and 2.5, respectively.
Table 2.4: Young’s Modulus [kPa] for diﬀerent human tissues [32, 33].
Tissue Young’s Modulus (kPa)
Brain 1-4
Breast 1-3
Cardiac 10-15
Diseased Liver 6-25
Liver 8-12
Muscle 20-20
Marrow 0.5-1.5
Table 2.5: Young’s Modulus [kPa] for diﬀerent tissues mimicking materials [32,
33].
Material Young’s Modulus [kPa]
Silicone rubber 500-5000
PVA Cryogel tissue mimic 35-500
Agar/ Gelatine tissue mimic 10-70
[32, 33].
2.9 Rheological models for viscoelastic materials
A viscoelastic material behaves mechanically a bit like a ﬂuid and a bit like a solid.
By considering combinations of the linear elastic spring and the linear viscous dash-
pot, rheological models of a viscoelastic material can be built up. The constitutive
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mathematical equation for materials that respond as a linear elastic spring is:
εe =
1
Eσ (2.15)
Where , E is Young’s modulus, and σis the stress.
The response of materials that react like viscous dash-pot can be described math-
ematically as in equation 2.16
ε.v =
1
ησ (2.16)
in which ε.v is the strain velocity and η is the viscosity of the material. Many ﬂuids
typically respond in this way; straining is usually faster when the stress is large. The
linear elastic spring and the linear viscous dash-pot are illustrated in Figure 2.6.
Figure 2.6: Dash-pot (left) and spring model (right) for viscoelastic building ele-
ments for rheological model.
By series and/or parallel coupling of both elements in Figure 2.6 , more or less
complex material models can be represented
2.10 The Maxwell model
Models in which a spring and dash-pot are in series are called Maxwell-materials, see
Figure 2.7
Since the two elements are in series, the stress experienced by the spring is the
same experienced by the dash-pot. The total strain εt for Maxwell material is
εt = εe + εv (2.17)
17
Figure 2.7: The Maxwell Model.
By diﬀerentiating the equations: 2.15 and 2.17 , and than putting in the equation
2.15, and equation 2.16 into equation 2.17 one gets
σ +
η
E
σ. = ηε. (2.18)
This constitutive equation shows the relation between the stress and the strain in
the material.
2.11 The Kelvin (Voigt) model
The Kelvin model consists of a spring and dash-pot in parallel, see Figure 2.8
Since elements are in parallel the strain experienced by each element is the same.
This time,
εe =
1
Eσ1 (2.19)
ε.v =
1
ησ2 (2.20)
σ = σ1 + σ2 (2.21)
Eliminating σ1 and σ2 leaves the constitutive equation
σ = Eoεe + ηoε
. (2.22)
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Figure 2.8: The Kelvin(Voigt) Model.
2.12 Soft tissue mimicking materials for ultrasound
imaging
Since 1960, ultrasound phantoms have been used in characterization and calibration
of various ultrasound systems.
Asmentioned in chapter 2.5, when an ultrasoundwave passes through tissues with
diﬀerent acoustic tissue properties such as the speed of sound, acoustic impedance,
attenuation and absorption, it interacts in various ways. These interactions aﬀect
the ultrasound pulse-echo signals and are necessary to form an ultrasound image.
Furthermore, the acoustic properties of tissues are not constant either among people or
within the same human, and the sound velocity and attenuation also vary depending
on the temperature. The knowledge of these parameters and how they vary depending
on the frequency, pathology, temperature, age and amplitude is essential for us to
understand in order to make the most eﬃcient ultrasonic imaging techniques [20].
The ideal tissuemimickingmaterial for constructing ultrasound phantoms should
have the same ranges of attenuation, scattering coeﬃcients and the sound velocity as
tissues. These parameters should be controllable in the material preparation process,
stable within the range of room temperature and with time as well as ease of storage
[37].
To date, a wide range of soft tissue mimicking material have been employed in ul-
tra sound phantom fabrication [20]. Amultitude of these and their respective acoustic
properties are listed in table 2.6.
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Table 2.6: A list of various tissue mimicking material and their acoustic properties,
advantages and disadvantages [20, 38, 39, 40, 41, 42].
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2.13 Styrene-ethylene/butylene-styrene (SEBS) block
copolymer in mineral oil
SEBS, was announced in 1972. At ﬁrst it was mainly used in footwear, packaging
or adhesive industries [43]. The microstructure of SEBS, see Figure 2.9, consists
of a molecular structured elastomer with two phases; a styrene rigid structure and a
rubbery ethylene-butylene structure [44]. In order to soften the ethylene butylene
phase of the SEBS copolymer, various plasticizer can be used such as mineral oil. The
use of the palsticizer increases the processability of SEBS as well as modiﬁes the SEBS
in mineral oil properties [45].
SEBS gels are thermoreversible and oil-basedmaterials and do not dehydrate. Fur-
thermore, SEBS is immune to bacterial invasion and therefore present good temporal
stability. These copolymers in mineral oil are proven to have acoustic and mechan-
ical properties similar to those for human tissue and have therefore been suggested
as tissue mimicking materials [40]. According to Cabrelli et al. [40] it is possible to
control the acoustic parameters of copolymer-in-oil gels such as SEBS. By changing
the concentration of SEBS copolymer in mineral oil, the mechanical and acoustic
properties are changed. The same eﬀect occurs if other substances are added such as
low-density polyethylene [46].
Moreover, a blend of white-silicone rubber and SEBS gel has been reported as a
tissue mimicking material, by adding white-silicone to SEBS gels, the speed of sound
is decreased while the acoustic attenuation is increased [47].
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Figure 2.9: The microstructure of SEBS copolymer. A styrene rigid structure and
a rubbery ethylene-butylene structure [44].
2.14 Clear ballistics gel and Polydimethylsiloxane as
tissue mimicking materials
Ballistic gel is a thermoplastic gel that is versatile, odorless, reusable, inexpensive and
does not decay and it is usually used as an analogue to human ﬂesh for ﬁring train-
ing and other military evaluations. Ballistic gel is also well established and used as
ultrasound phantom materials [48, 49, 50].
Figure 2.10: Photo of synthetic ballistic gelatin showing terminal fragmentation
of a .243 projectile [51].
Polydimethylsiloxane (PDMS) has also been used as vessel mimicking material
and the reported speed of sound was 1020±20 m/s [52]. according to Tsou et al.
[53], the change in the ratio of the curing agent to polymer base has an eﬀect on the
speed of sound. A ratio of (1:5) could result in a speed of sound of 1119.1m/s. Their
ﬁndings are summarized in table 2.7.
Ratio of Curing agent: Polymer base 5 : 1 7 : 1 10 : 1
Speed of Sound (m/s) 1119.1 1089.1 1076.5
Table 2.7: Speed of sound for polydimethylsiloxane reported by [54].
2.15 Towards realistic blood vessel phantoms
A realistic blood vessel ultrasound phantom for ultrasound measurements is essential
for advanced experimental biomedical research [55]. To date, several blood ﬂow vessel
phantoms have been published [56]. However, existing blood vessel phantoms suﬀer
from not having the optimal acoustic, mechanical, optical and temporal properties
simultaneously [55].
As mentioned in section 2.1, a blood vessel is constituted of soft tissue, collagen,
elastin, smooth muscle, and so on. It behaves as a viscoelastic material. In addition,
the cardiac and respiratory cycle causes changes in the stress that these vessels expe-
rience. Therefore, in order to fabricate a vessel phantom that behaves in the same
way as a living vessel during pulsatile ﬂow, it is important to represent the dynamic
viscoelasticity of a living blood vessel [41].
Several types of materials have been suggested to mimic the blood vessel wall in-
cluding latex, C-ﬂex and glass [57, 55].However, these phantom materials tend to
have very high attenuation coeﬃcient [58] and to overcome this problem, researchers
have used other methods, such as, excised human vessels [59, 60]. However, due
to ethical issues, this method is not ideal. Another approach to the development of
realistic blood vessel phantoms it to develop wall-less vessel phantoms. These phan-
toms overcome the problem of high attenuation, and enable diﬀerent geometries and
shapes were possible compared to the conventionally used materials. Yet, these phan-
toms could not be used for investigating diﬀerent physiological phenomena related
to the vessel wall itself [60].
The ideal solution lies in the development of methods that can can provide ma-
terials with tailored acoustic and mechanical properties.
22
Chapter 3
Materials and Methods
3.1 Selecting tissue mimicking material
Several tissue-mimicking materials have been investigated in this project, such as
Polyvinyl alcohol (PVA), Polydimethylsiloxane (PDMS), Styrene-Ethylene/Butylene-
Styrene (SEBS) in mineral oil and the oil based Ballistic gelatin (Clear Ballistics). To
investigate whether the tissue-mimicking material was suitable to be used as a phan-
tom material for the vasa vasorum phantom an initial test was performed. The test
included designing and manufacturing a simple wall-less vessel phantoms to deter-
mine if the material used was easy to separate from the mold and also to check if the
vessel like channels in the phantoms were reasonably visible for the ultrasound.
3.2 Gel preparation
The SEBS gel was prepared by mixing SEBS (Karaton G 1650M, Kraton Polymers)
in mineral oil (Paraﬃn olja, TRIKEM VET, Malmö, Sweden) at room temperature.
The mixture was then placed in the oven and heated to 130° C until a homogeneous
clear solution was obtained. In order to have complete homogenization and polymer-
ization, the mixture had to be stirred occasionally. Following that, the mixture was
left to cool in room temperature while kept in molds with known dimensions until
solidiﬁcation. Three sets of phantoms were manufactured using diﬀerent concentra-
tions of SEBS, for acoustic characterization.
Clear synthetic ballistics gelatin of 10%was prepared in the same way. One phan-
tom was prepared using PDMS of in the ratio of 1:5 (curing agent to polymer). The
mixture was placed in a mold and then degassed in a vacuum chamber for 30 min-
utes. Thereafter heated in the oven at 75° C for 1 h to complete the curing process.
This phantom was manufactured to determine if glass capillary (164 µm in diameter)
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could be withdrawn in order to leave a vessel like channel behind.
3.3 Glass beads
Glass beads with a mean diameter of 93 µm (Potters Industries, Valley Forge, PA,
USA) were used. 4, 5 or 7 g glass beads per liter were added to the chosen material for
each part of the phantom. This provided strong and distinct echoes in the ultrasound
images needed for the movement tracking algorithm
3.4 Blood vessel phantomswith vasa vasorumexhibit-
ing the longitudinal movement
Figure 3.1: A schematic cross-sectional representation of the vessel; the intima-
media complex (gray), connective tissue (yellow), the adventitia and the surround-
ing tissue (blue).
The ideal phantom would consist of three diﬀerent layers, see Figure 3.1. An
inner layer representing the intima-media complex and its vasa vasorum, while the
outer and covering part mimicking the adventitia and the surrounding tissue. These
two layers are needed to be able to glide against each other and at the same time be
connected. To do this the middle part has to be the most elastic part and made of a
ﬂuid-like material. The longitudinal movement of the intima-media complex is large
compared to the movement of the adventitial layer, and this was the main reason
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behind the material chosen for each part. Furthermore, the phantom is needed to be
manufactured with certain geometry, of suitable phantommaterials and in an optimal
way for ultrasound imaging technique to detect the longitudinal movement and the
hemodynamics of the vasa vasorum. Additionally, as discussed in 2.15, the phantom is
needed to have relatively high resistance to mechanical stress to best mimic the artery
and its vasa vasorum.
3.5 Molds
3.5.1 3D printed molds
The designing and fabrication of diﬀerent 3D models include three steps: ﬁrst diﬀer-
ent 3Dmodels were designed by using the CAD programs Fusion 360, Autodesk, San
Rafael, CA, USA. Second, the created drawings of the models were converted into
instruction for 3D printing, using a software called Cura, Ultimaker B. V., Gelde-
malsen, Netherlands. In the ﬁnal step of the model fabrication, the 3D printer that
was used made the models by applying melted Polylactic acid (PLA), layer by layer
from a nozzle.
3.5.2 Handmade molds
For the fabrication of a phantom with a simple shape and geometry, aluminum foil
and cardboards were used to manufacture diﬀerent cubic molds.
The melted phantom material was poured into the molds while hot. Therefore,
the materials of which phantom molds were fabricated have to be chosen so that their
melting point, as well as the glass transition temperature, are suitable.
3.6 Elasticity measurement
A tensile test machine, MTS Systems AB, Minnesota, USA, was used to measure
the viscoelasticity of diﬀerent phantom materials used in this project, see Figure 3.2.
These tests include applying a displacement to a sample and monitoring how the force
required to maintain the displacement decays over time.
Five samples of SEBS and ﬁve samples of the clear ballistic material were analyzed.
The samples were fabricated by pouring the melted gels in cylindrical metallic molds
with a diameter of 12mm. The samples were then analyzed in randomized order. All
specimens were loaded with a force equal to 0.5 N and thereafter compressed with
at speed of 1 mm/s so that the length of each sample analyzed is compressed with
25% of its original and measured height. The samples were kept under pressure for 6
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minutes. The tensile test machine delivered the output in txt which was then used in
Matlab.
Figure 3.2: MST Universal Testing Machine used for testing the materials me-
chanical properties in this study.
Figure 3.3 shows the rheological model chosen to describe the phantom material.
This model which is also called the standard linear viscoelastic model can be described
with equation 3.1.
σ(t) = E2ε0e
−E2t
η + E1ε0 (3.1)
Where σ(t) is the stress as a function of time, η is the viscosity and ε0 is the initial
strain. E2 and E1 are the elasticity values. A developed Matlab-script was used to
produce a stress-time graph for each phantom material.
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Figure 3.3: The chosen rheological model to represent the phantom material.
3.7 Measuring the speed of sound
Measuring the speed of sound within diﬀerent tissue mimicking materials can be
performedwith reasonable levels of accuracy over the frequency range used formedical
imaging.
The types of equipment used to measure the speed of sound, are shown in Figure
3.5.To have the best control over the dimensions, the solidiﬁed phantommaterial was
kept in the mold, see Figure 3.5 c.
Five measurements were carried out for each phantom material. The transducer
was placed in diﬀerent positions and/or diﬀerent distances from the phantom. Three
phantoms with dimension of 2x4x3 cm and were made of 2% SEBS, 5% SEBS and
8% SEBS in mineral oil and a forth one of ballistic gel.
A method based on the time-of-ﬂight was used. A short ultrasound pulse was
emitted by a transducer. A part of the emitted pulse was reﬂected at each interface,
see Figure 3.4. The reﬂected pulses were detected by the same transducer, which
then transformed the sound pulses into electrical pulses. The detected pulses were
displayed on the oscilloscope, from which the time diﬀerence,∆T , between the front
reﬂection signal E1 and the back reﬂection signal E2 was obtained. The data from
the oscilloscope analyzed using a Matlab code (see Appendix). E2 , see Figure 3.4 is
the signal that was phase-reversed to be able to get the time diﬀerence between the
signals. This information was put in the equation 3.2 to get the speed of sound.
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c =
2d
∆t
(3.2)
Figure 3.4: Scheme of setup used for measuring the speed of sound based on time
of ﬂight method.
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Figure 3.5: The equipment used to measure the speed of sound, (a) the transducer
and the mold in which the phantom material was kept, (b) the transducer, (c) the
mold and the phantom material, (d) the water tank, The pulse generator and the
oscilloscope.
3.8 Measuring the attenuation
The following equipment used for measuring the attenuation: A clinical ultrasound
scanner (Philips Epiq 7), a hydrophone (0.5 mm in diameter, Precision Acoustics
LTD), a broadband (1-6MHz) clinical ultrasound transducer (X6-1 XMatrix, Philips),
a ﬁlled water tank, and an oscilloscope (Tektronix TDS 360).
The phantoms were placed in the water tank in front of the transducer and in its
far ﬁeld. The hydrophone was placed close to the phantom facing the transducer.The
ultrasound pulses that were transmitted through the phantom were recorded with the
oscilloscope and transferred to a computer for analysis.
Six phantoms were made with the dimensions 1 x 2 x 1 cm; three made of SEBS
and three made of ballistic gel. Two attenuation measurements were carried out for
each phantom, once through 1 and another through 2 cm of sound penetration. The
mean diﬀerence between these measurements (= 1 cm of sound penetration) in three
phantoms was used to estimate the attenuation of each material. The attenuation was
estimated in the frequency domain (FFT) using:
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A = A0e
−αy (3.3)
Where A and A0 are the amplitudes estimated in the frequency domain (FFT)
measured after the ultrasound pulses penetrated the phantoms along the long and
short axis separately, α is the attenuation in dB/cm/MHz and y is the pulse propaga-
tion distance.
3.9 Manufacturing of simple micro vessel phantoms
To create simple and wall-less vessel phantoms the following steps were taken:
Step 1: Gathering the following materials: heat protective gloves, foil paper, glass
capillaries of various diameter, an oven and SEBS in mineral oil of a certain
concentration or clear ballistic gel.
Step 2: Themold is prepared. A simple handmade cubic mold of aluminum foil and
glass capillaries with diﬀerent diameters 150, 175, 375 µm are used, see Figure
3.6.
Step 3: The selected gel is cut into smaller pieces to decrease melting time.
Step 4: The gel is heated in the oven to 130° C. If the gel material contains bubbles,
heat is continued in the oven until the bubbles disappear.
Step 5: Themelted gel is poured into the mold and left to cool until solidiﬁcation in
rooms temperature.
Step 6: After solidiﬁcation the glass capillaries are withdrawn carefully and a quality
test is performed by investigating the phantom using ultrasound machine to
check whether the vessel-like channels are seen by the ultrasound machine or
not and also to check for the quality of the channels.
The phantom can be reused, buy cutting the phantom and reheated and then
repeating steps 1− 6.
In order to have a ﬂuid ﬂow through the vessels, plastic tubes were needed for the
connection to a standard lucer-lock syringe.
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3.10 Creating thin ﬁlm (2mm)
Using a mold created by a 3D printer, 2 mm thick layers of SEBS phantoms were
created. The phantom was made of 2 parts, each layer had diﬀerent acoustic and
mechanical properties as a result of varying the concentration SEBS used or the gel.
Thereafter the ﬁlms were folded in order to create a branched vessel prototype. A
solder was used to attach the ends together by melting a small part of the ends and
then let it cool while attached.
The beneﬁts obtained by the ﬁlms is that one could fold the ﬁlm and create dif-
ferent and more complex arterial shapes, such as bend, spiral and straight channels
Figure 3.6: A mold for a simple vessel phantom can be seen, consisting of a hand-
made cubic mold using aluminum foil, and three diﬀerent glass capillaries of dif-
ferent diameter. At the top of the image a 175 µm vessel glass capillary is used, the
one in the middle is 375 µm and the last one is 150 µm. The plastic tubes seen are
used to connect to lucer-lock syringes. The ruler is graded in centimeters.
3.11 Creating multi-layered phantoms
Phantom consisting of several layers were manufactured. In one test the ballistic gel
was used as the protective coating layer, and SEBS was used as the direct surrounding
tissue. Following the similar steps as in 3.10. Here two diﬀerent gels were used.
When the gels are melted and the mold is prepared, ﬁrst the thin layer of ballistic gel
is poured into the mold and left to cool down until solidiﬁcation. Later the melted
SEBS gel is poured upon it so that the capillaries are covered in it and again left to
cool down until solidiﬁcation. The last step is to pour the last layer of melted ballistic
gel, and left it cool . A quality test was performed to check the uniformity and the
visibility of the vessel-like channels.
3.12 Flow evaluation of vessel phantoms
Figure 3.7 shows on of the phantoms used to check the ﬂow through the vessels. A
5x6x3 cm phantom was fabricated in the same way as described in section 3.9. As
seen in Figure 3.7, a plastic tube is used to ensure that the needles are kept in place.
The following equipment used for evaluating the ﬂow through vessel phantoms: A
clinical ultrasound scanner (Philips Epiq 7), a mechanical pump, phantoms, water
and a contrast agent. The test included taking ultrasound images to check the visibility
of the micro, and testing ﬂows of diﬀerent velocities 5, 10, 20, and 100 µl/min.
Figure 3.7: Flow phantom: The plastic tube is used to ensure that the needles stay
in place. The phantom was fabricated same way as described in this study.
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Chapter 4
Results
4.1 Speed of sound
Figure 4.1: Boxplot giving the speed of sound measured for 8% SEBS and the
clear ballistic gel. The red line delineates the median values.
The values of speed sound measured for both the 10% clear ballistic gel and 8%
SEBS in mineral oil with the dynamic viscosity of 51.5 cp at a shear rate of 100 s−1
are seen in Figure 4.1. The mean speed of sound measured for 8% SEBS is 1433 m/s
and for 10% clear ballistic gel is 1434 m/s.
Figure 4.2 shows the speed of soundmeasured for three sets of phantoms with 2%,
5% and 8% SEBS as concentrations in paraﬃn oil with the mean values of 1448.7,
1453.9 and 1458, 3 m/s, respectively.
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Figure 4.2: Boxplot of the speed of sound (m/s) as a function of SEBS mass
concentration in paraﬃn oil. The red line delineates the median values, while the
whiskers extend to the most extreme values which are not considered outliers.
4.2 Attenuation measurements
Material Attenuation dB/MHz/cm
8% SEBS in mineral oil 0.83
Clear ballistic gel 0.40
Table 4.1: The attenuation estimated in dB/cm/MHz for SEBS and clear balistic
gel.
Table 4.1 gives the attenuation for SEBSwhichwas estimated to 0.83 dB/cm/MHz
and the attenuation for clear ballistic gel was estimated to 0.40 dB/cm/MHz.
4.3 Elasticity measurements
The stress as a function of time, 6 minutes, is seen in Figure 4.3. The samples where
held at constant length during this time.
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Figure 4.3: The stress (Pa) as a function of time (s) for 6 minutes as the sample is
held at constant length.
4.4 Phantom materials
SEBS in mineral oil and ballistic gel with added glass beads were selected for the
ﬁnal phantom prototypes. The concentration of SEBS in mineral oil was decided
depending on the tissue it would mimic. Furthermore, SEBS was selected due to
its properties regarding mechanical stability and also durability. SEBS released easily
from the molds used. The Clear Ballistic gel was chosen to mimic the outer layer of
the artery. PDMS was not used, since it was impossible to withdraw the capillaries
out from the phantoms.
4.5 Developed phantom molds
In order to produce multi-layered vessel phantoms a mold of ﬁve parts was printed,
see Figure 4.4. The main reason for using these molds was to produce the vessel
phantom of the desired shape and geometry. The surrounding structure was cast in a
mold made of cardboard.
Using so many parts made it easier to extract the phantom when cured. Electrical
tape was used to assemble the mold.
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Figure 4.4: Mold for vessel phantom consisting of ﬁve parts, only three are shown.
At the top of the image on of two identical parts of the ﬁrst outside contour can
be seen,. In the middle of the image the inner contour is seen. Below in the image
is one of two identical part of the second outside contour.
4.6 Developed vessel phantoms
Figure 4.5 shows a simple vascular ultrasound phantom. The phantom contained a
150, 175, 375 µm simulated vessel at varying depth. The plastic tubes are needed for
the connection to a standard lucer-lock syringe.
As mentioned in section 3.9; Two diﬀerent ultrasound phantom materials were
investigated. PDMS and 8% SEBS. However, trying to withdraw the glass capillaries
out of the PDMS phantom failed. This was not the case with the phantom made of
SEBS where the withdrawing of the capillaries was easily done.
5, 10, 20, and 100 µl/min water ﬂow through the vessels were evaluated. Figure
4.6 shows three ultrasound images of a 375 µm in diameter channel, the channel were
fully visible with no bubbles.
The 150 µm in diameter channel was seen and a ﬂow of water went through. The
water was injected by hand and a diameter change was noticed, as seen in Figure 4.8.
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Figure 4.5: An image of the ﬁnal phantom, with 150, 175, 375 µm vessel like
channels from the top down.
Figure 4.6: Ultrasound images indicating that capillary channels are seen via ul-
trasound. The image to the left was taken before injecting water 20 µl/min though,
the one in the middle was taken when the channel was half ﬁlled and in the last
image the channel is ﬁlled. Artifact from the needle is seen image to the left
Figure 4.7: A 175 µm in diameter channel is seen. The image at the top-left was
taken before injecting water, the one on the top-right was taken when the chan-
nel was injected (20 µl/min) and the last image indicates artifacts in the channel,
probably due to air bubble.
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Figure 4.8: Ultrasound images of a 150 µm in diameter channel. Water was in-
jected by hand in sequences which results in a shape change of the channel. A
shows the micro channel during a low water ﬂow compared to the water ﬂow in
B.
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4.7 Developed vessel phantoms exhibiting the longi-
tudinal movement
The phantom exhibiting longitudinal movement consists of three diﬀerent layers. The
ﬁrst layer was made of 8% SEBS with added glass beads, 7 g/liter, representing the
intima-media complex and its vasa vasorum. The second layer was made of 5% SEBS
and with added glass beads, 5 g/liter. The third layer was made of 8% SEBS with
added glass beads, 4 g/liter, mimicking the adventitia and the surrounding tissue.
Figure 4.9 shows a schematic drawing of how the phantom layers are placed.
The ﬁrst and the second layer of the phantom were 2 mm thick each, see Figure
4.10 and were the most the critical; they were easy to break and bubbles could get
trapped while manufacturing. The vessel phantom with its vasa vasorum was designed
in one version. As seen in Figure 4.9, the inner diameter of the vessel is decreasing
gradually. The phantom was 15 cm long and with a height of 8 cm. The outer
diameter of the vessel phantom is approximately the same size as the diameter of the
human aorta.
A 175 µm channel representing the vasa vasorum was placed in the intima-media
complex layer.
After cutting the third and surrounding part, see Figure 4.11, in two halves a heat
gun was used to slightly heat up the inner surface of it. Thereafter the vessel phantom
was placed inside and the ﬁnal phantom was assembled.
Finally, the phantom was connected to the pump and the wall movements were
measured, using the same method used in [28]. Figure 4.13 shows the ultrasound
images for
The longitudinal wall movement was measured to 0.2 mm and the radial move-
ment to 0.8 mm.
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Figure 4.9: Section of the phantom; the intima-media complex (gray),connective
tissue (yellow), the adventitia and the surrounding tissue (blue).
Figure 4.10: Left, the two layered vessel phantom before placing in the third -
surrounding- part of the phantom. Right a cross-sectional view of the vessel phan-
tom.
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Figure 4.11: An image of the third and surrounding part of the phantom.
Figure 4.12: An image of the ﬁnal phantom exhibiting the longitudinal move-
ment.
Figure 4.13: Ultrasound images, the image on the left was taken before placing
the capillary in place and the image on the right is the ﬁnal phantom exhibiting
the longitudinal movement.
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Chapter 5
Discussion
The aims deﬁned in section 1.1 involve testing diﬀerent tissue mimicking materials,
design and fabrication of vessel-like phantoms and investigating these phantoms using
ultrasound imaging.
Firstly, a literature study of diﬀerent tissues mimicking materials was conducted.
Many soft tissues mimicking material have been described in table 2.6. The main
focus has been to suggest a material that can best mimic the mechanical and acoustic
properties of the living vessel wall layers.
Agarose-based materials have been well documented and frequently used as a soft
tissue phantom material. They have the advantage that they are easy to manufacture
and their acoustic properties can be tailored. However, phantoms made of agarose
have to be handled very carefully since the material is very delicate and easy to break.
Polyvinyl alcohol, like agaroes can be acoustically tailored and is an excellent choice
for manufacturing more complex phantoms. However, they suﬀer from having poor
longevity and requires multiple freeze-thaw cycles. Of the remaining soft tissue sub-
stitutes described in table 2.6, each is limited either by its mechanical properties,
longevity or acoustic proprieties.
Numerous tissue phantoms such as SEBS in mineral oil and ballistic gel are avail-
able commercially and described in sections 2.13 and 2.14. Ballistic and SEBS gels
both have the advantages that they are simple to prepare, have acoustic and mechani-
cal properties similar to those for soft tissue. Combining SEBS polymer and mineral
oil provided an eﬃcient way of developing tissue mimicking material with customized
properties. Furthermore, the ability to combine SEBS and ballistic materials is an ad-
ditional and eﬃcient way towards three-layered vessel-like phantom models. Given
these points, SEBS and ballistic gels were selected for further investigation.
The preparation of SEBS gel was relatively easy, and the same goes for ballistic gel.
However, air bubbles sometimes could be produced during phantom manufacturing,
leaving a hole. This problem was solved by heating the gel to at least 130° and slowly
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pouring it into the mold. The added glass beads which serve as scatters were not
distributed uniformly but good enough to be used.
The mechanical properties of the selected phantom tissue mimicking materials
for the ultrasound phantoms developed during this work were tested. Results from
measuring the stress as a function of time for the Ballistic gel and 8%SEBS a are shown
in Figure 4.3. According to [61], an increase in the SEBS copolymer concentrations
results in an increase in the stiﬀness of the gel as well as in speed of sound. However, in
this work, themechanical properties for 8% SEBS and ballistic gel were tested, and the
reason was that 2 and 4% SEBS phantoms were soft and therefore diﬃcult to be tested
using the tensile test machine used in this study. As described in section 2.1 the main
constituents of vascular tissue are elastin, collagen ﬁbers and smooth muscle cells,
where each has a speciﬁc Young’s modulus. Additionally, each artery walls consists of
primary three layers that diﬀer from each other bothmorphologically and biologically.
Due to these complex properties, it is unmanageable to deﬁne Young’s modulus as can
be done in the way it is measured for tissue mimicking materials. Still, in order to
obtain a global idea of the vascular wall mechanics, it is possible to merge all the
properties together and treat each of the vascular wall layer as if it is homogeneous.
The decision made was that the intima-media-complex-like phantom layer should
have a lower stiﬀness than the surrounding tissue which included the adventitia layer
and should be as elastic as muscles and that both layers should be connected to each
other with a material that is more elastic/softer simulating connective tissue.
The results from measuring the speed of sound can be seen in Figures 4.1 and
4.2. When comparing these results with table 2.2, it is noticed that the speed of
sound is slightly lower than in soft tissue. Additionally, when using paraﬃnic oil
as a plasticizer an increase in the speed of sound is observed, this can be due to the
diﬀerence in oil viscosity as described by Cabrelli et al. [40]. The attenuation for SEBS
was estimated to 0.83 dB/cm/MHz and almost mimicked the muscles, see table 2.3.
This was not the case for the ballistic gel which was estimated to 0.40 dB/cm/MHz.
However, these values may be not valid and the reason behind this speculation is that
when measuring the attenuation two assumptions were made; the attenuation in the
phantom material was assumed to be linearly dependent on frequency and that no
sound waves were attenuated in water. In future work, in order to get more accurate
results more measurements using for e.g, multiple narrow-band transducers covering
a wider range of frequencies is needed.
Phantoms manufacturing include the design and fabrication of diﬀerent molds.
The materials of which the molds are to be fabricated should be suitable; meaning
that the phantom is easy to release from the mold. Since SEBS and ballistic gels are
oil based gels, a mold made of hydrophilic materials should be ideal. This was only
investigated on materials in-house, such as PDMS and PVA-molds, PMMA, brass
and glass by comparing the ease the phantoms were released from molds made of
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the mentioned materials. However, in order to fully investigate such behavior more
accurate experiments have to be done. Results from checking the contact angle of a
drop of water or oil on each material-surface can suggest the ideal mold material.
The second and main focus of this project has been to design phantoms that
simulate the vasa vasarum, and methods to construct the phantoms. Using SEBS and
ballistic gel several vessel-like phantoms with diﬀerent complexity were fabricated.
Figure 4.5 shows one phantom prototype. A wall-less vessel phantom, simulat-
ing vessels of diﬀerent diameters, 150, 175 and 375 µm are shown. SEBS, ballistic
gel or a combination of both could be used to manufacture this phantom. Addi-
tionally, the design and fabrication steps of such phantoms do not include the use of
3D printed molds which makes the fabrication steps relatively easy. The fabricated
channels diameters are in good agreement with the vessels diameters data obtained
from the literature, see Figure 2.4. Figures 4.8, 4.7, 4.6 showed that it was possible
to detect a ﬂow through the channels using ultrasound techniques. However, one
common problem was having the needles in place and not cutting through the gels.
This was solved bu using a plastic tube as described in section 3.12.
Equations 2.1, 2.2, 2.3 and 2.4 show that there are several parameters which
inﬂuence the ﬂow dynamic within vasa vasorum, such as the radius, the pressure and
the velocity. Therefore, to obtain wall-less vessel phantoms and vasa vasorum that are
consistent with the realistic vessels, these relationships are of interest and should be
experimentally veriﬁed.
The walled andmulti-layered vessel design consists of several steps: ﬁrst, manufac-
turing two thin ﬁlms and a supportive thick structure; an inner layer in which a vasa
vasarum channel-like is implemented, a connective layer and an outer covering and
supporting layer. Second, folding the thin layers around each other to form a cylinder
with a decreasing diameter. Third, placing the vessel-mimicking phantom inside the
supporting structure. Figure 4.9 shows a longitudinal section view and portrays the
phantom exhibiting longitudinal as well as radial movements. the vasa vasorum chan-
nel like was placed in the inner layer of the vessel. The phantom was tested and the
longitudinal movement was measured to 0.2 mm whilst the radial movement to 0.8
mm. As mentioned in section 2.2 the arterial wall longitudinal movement has been
measured to 0.1-1 mm which is of the same magnitude as the radial movement. The
wall movements of the phantom developed during this work were not of the same
magnitudes. In the previously developed phantoms made of PVA, also mentioned
in section 2.2, the wall movements were of the same magnitude. Additionally, as
observed, the phantoms surrounding structure was less elastics than the surrounding
structure fabricated in the previous work, which can explain the diﬀerences in wall
movements measured.
In Appendix 7.0.2, additional work have been done in order to investigate other
possibilities arise from mixing SEBS in mineral oil as well as ballistic gels oﬀers. A
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branched multi-layered vessel phantom prototype have been designed and manufac-
tured. The result showed that these two gels are excellent alternatives to other existing
tissue mimicking materials. However, if more complex vessel shapes are of interest a
3D printer might be required. Moreover, it is strongly believed that other ultrasound
phantom, such as breast tumors which can be used for biopsy training, are possible
to produce using these materials, see Future work 6.0.1.
Chapter 6
Conclusion
To summarize, during this work several vessel-like ultrasound phantom prototypes
have been designed and fabricated. SEBS mixtures and ballistic gels have shown to
be perfect vessel tissue mimicking material.
The phantoms were made of SEBS or ballistic gels. Some of the designs steps
suggested did not include the use of a 3D printer and both wall-less, as well as walled
and multi-layered vessel, were introduced. vasa vasorum-like channels of diameters
150, 175 and 375 µm were fabricated, checked by ultrasound and the ﬂow through
these phantoms was evaluated.
The phantommaterials used were investigated, the acoustic and mechanical prop-
erties were measured and the results were in good agreement with data obtained from
the literature. The ﬁnal phantom exhibiting the longitudinal movement was made of
three layers. An inner layer made of 8% SEBS with added glass beads to ensure strong
and enough echoes in ultrasound images needed to track the movement. A vasa va-
sorum-like channel was placed in this layer. The second layer had a fat-like elasticity
and was used as connective tissue between the inner and the outer layer. The third
layer mimicked the soft tissue surrounding vessels. A wall motion, longitudinally and
radially, was produced. However, these motions did not mimic wall motions in a
living vessel. To solve this issue, it is suggested to investigate the inﬂuence of using a
stiﬀer phantom material as surrounding layer.
However, in living vessels, the morphology, as well as the biology, is too complex
to be fully mimicked by tissue mimicking material.
6.0.1 Future work
Potential improvements to the present work will be highlighted here, categorized as
improvements to the geometry and design, as well as additional improvements speciﬁ-
cally to tissue mimicking material.
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More complex vessel geometries are of interest to investigate, therefore more ﬂex-
ible molds have to be designed and manufactured. Both PVA and PDMS are water-
based materials. In one test, two molds, one made of PVA and another of PDMS
were made. the phantoms were released easily from both molds. Furthermore, using
a 3D printer, more complex mold shapes can be produced. SEBS and ballistic gels
oﬀer limitless possibilities in the world of ultrasound phantom making. However,
more has to be done in order to investigate the acoustic and mechanical properties of
diﬀerent SEBS blends as well as ballistic gel.
For this particular work; vessel phantom layers of SEBS blends and ballistic gels
of diﬀerent elasticity are used. Suggesting a way to measure the tensile strength of
each layer could be useful in order to better compare with literature data regarding
Young’s modulus for diﬀerent vessel layer tissues.
Chapter 7
Appendices
7.0.1 Appendix A
The Matlab code below does two things: it phase-inverses the back reﬂected signal
and runs a cross-correlation between the front and the back reﬂected signals, as seen
in Figure 3.4. The reason behind this is that when an ultrasound wave goes from a
material with an acoustic impedance Z1 into a second material with a lower acoustic
impedance Z2, it undergoes phase inversion. The cross-correlation of the two echo
curves is to check how well the two curves ﬁt each other. Figure 7.2 shows the results
from two cross-correlated echo curves.
The cross-correlation was performed by using (Matlab, MathWorks, Natick, MA,
USA) code.
section*A novel and aﬀordable SEBS co-polymer in mineral oil phantom model
for training in ultrasound-guided vascular access
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Figure 7.1: Echoes for the estimation of speed of sound in the phantom at 21°C
as seen on the oscilloscope screen.
Figure 7.2: The result from the Cross-correlation between the echos. in this par-
ticular test, the time delay was estimated to 2.81e-05 µs.
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clear
 
% Load the file
seq = openfile('TEK0025.CSV');
% Remove the offset from time scale
seq(:,1) = seq(:,1)-seq(1,1);
 
% Plot sequence
figure
plot(seq(:,1), seq(:,2))
title('Time of flight method')
xlabel('\mus')
 
% Calculate correlation between signal and phase inverted signalx
c = xcorr(seq(:,2),-seq(:,2));
% Extract the envelop from correlation
d = envelope(c);
% Shift signal to get major peak at origin
% Plot result
d = fftshift(d);
 
% Find peak
[value,loc] = findpeaks(d(1:length(seq)),seq(:,1),'MinPeakProminence',10);
 
% Plot autocorrelation
figure
plot(seq(:,1),d(1:length(seq)))
title('Autocorrelation')
xlabel('\mus')
hold on
plot([loc;loc],[0;value],'k--')
52 Conclusion
7.0.2 Appendix B
A branched multi-layerd vessel phantom portotype
In this section, a branched multi-layered vessel phantom is fabricated. Firstly, thin
ﬁlmss of 8%SEBS in paraﬃn oil weremanufactured. Formoremanufacturing details,
see sections 3.2 and 3.10
The ﬁlms were folded and fused together as shown in Figure 7.3, d, using a
heat solder. After manufacturing the branched vessel, more gel with was poured
on. Diﬀerences in the scatters concentration or/and SEBS concentration between
the branched vessel and the surrounding gel is what makes possible creation of walled
vessel-like channels.
The ﬁnal phantom was checked with an ultrasound, images are seen in Figure 7.3,
a, b, c.
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(a) An ultrasound image of
the vessel phantom simula-
tion a vessel with a plaque.
(b) An ultrasound image of
the walled-vessel phantom.
(c) An image of the walled-
vessel phantom, deformed
shape.
(d) An image of the walled-vessel phantom, deformed
shape.
Figure 7.3: An image of a branched vessels phantom prototype and ultrasound
images.
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